The use of roof-collected rainwater as a freely available and sustainable alternative to drinking water produced by drinking water companies increases worldwide. Initially, rainwater is free of microbial contamination, but it may become contaminated by animals and humans or, alternatively, human pathogens may grow in stored rainwater resulting in a significant human health risk from infectious diseases. This three-year study demonstrated that rainwater stored in different reservoirs in The Netherlands was frequently faecally contaminated and incidentally contained potential human pathogens such as Campylobacter, Cryptosporidium, Giardia, Aeromonas hydrophila and Legionella.
INTRODUCTION
In remote and rural areas where access to tap water is limited, rainwater harvesting is common practice.
However, also in areas that have easy access to tap water, as almost everywhere in The Netherlands, rainwater harvesting increases. People use rainwater for toilet flushing or watering the garden or crops because it is available for free and its use reduces their expenses for purified drinking water that they obtain from drinking water companies (Schets et al. 2007) . Moreover, more people are becoming aware of the necessity to take care of the Earth's natural resources, including drinking water sources and energy. Due to the increased demand for purified drinking water groundwater levels decrease, with negative effects on various ecosystems as a result (Lieste et al. 2007) . Therefore, the use of collected rainwater as an alternative to the use of purified drinking water fits into a policy of sustainable management and environmentally friendly behaviour. doi: 10.2166/wh.2009.037 Initially, rainwater is free of human pathogenic microorganisms, but it may become contaminated at surface run-off and during storage in containers (WHO 2006) . Cryptosporidium and Giardia is not to be expected; these organisms may be present in the absence of faecal indicators (WHO 2006; Schets et al. 2008) . Depending on materials used, maintenance status and storage time, e.g. Aeromonas may grow in the reservoirs (Havelaar et al. 1990 ) and when biofilms are formed, e.g. Legionella may colonize the system (Berry et al. 2006; Simmons et al. 2008) . Biofilms formed in water distribution systems are known to cause public health problems such as protecting and supporting pathogenic microorganisms, bacterial regrowth and depletion of disinfection agents (Martiny et al. 2003; September et al. 2007) .
Several studies in various countries have demonstrated the presence of faecal indicator bacteria and pathogens in rainwater storage reservoirs. Faecal indicators, Pseudomonas aeruginosa and Salmonella were detected in German reservoirs (Hollä nder et al. 1996) , whereas faecal indicators, Aeromonas, Salmonella and Cryptosporidium were found in New-Zealand reservoirs (Simmons et al. 2001) . In Denmark, reservoirs were contaminated with Escherichia coli, P. aeruginosa, Aeromonas, Legionella, Campylobacter and Cryptosporidium (Albrechtsen 2002) . The chemical composition of collected rainwater varies due to the influence of roof material such as galvanized lead or concrete tiles and surrounding environmental conditions like air pollution in urban and industrial areas (Thomas & Greene 1993) . The objective of this three-year study was to gain insight into the microbiological quality of rainwater stored in reservoirs in The Netherlands and the effect of environmental conditions and storage container material on the survival of microorganisms in these reservoirs to substantiate recommendations on safe collection and storage of rainwater.
METHODS

Monitoring in 2005 and 2006
In 2005, a pilot study was done in which the microbiological quality of collected rainwater at four different sites (Table 1 ; Schets et al. 2005 Schets et al. , 2007 
Storage experiments in 2007
In 2007 laboratory experiments were conducted to study the effect of storage temperature and storage container material on the survival of naturally occurring and seeded E. coli and Aeromonas in rainwater collected from reservoirs WVE and ECO (Table 1) Overnight cultures were obtained by inoculation of a colony of E. coli WR1 and A. hydrophila M800 freshly grown (24 h, 378C and 308C, respectively) on Trypton Soy Agar (TSA) into 150 ml Buffered Peptone Water in a 500-ml Erlenmeyer flask followed by incubation at 378C and 308C, respectively, rotating at 100 rpm, for 18 -24 h.
The concentration of culturable E. coli and A. hydrophila in the overnight cultures was determined by using plate counts on TSA (24 h, 378C and 308C, respectively). Based on these counts, containers with rainwater were seeded with a volume of (a dilution of) the overnight cultures to obtain a final concentration of approximately 10,000 bacteria per litre. This concentration was chosen because it was in the range of concentrations detected in the samples from the studied rainwater reservoirs and it enabled the detection of at least a 4-log reduction of the number of seeded bacteria.
Sampling from both the seeded and non-seeded containers was done with a sterile pipette, withdrawing water from the upper layers after careful mixing of the contents of the containers. Sampling started immediately after inoculation and was done at one, two, five days and subsequently 
RESULTS
Monitoring 2005
All ( increased from 198C to 338C (Table 3) . During the sampling period the weather was fair and stable (average temperature 12-218C; maximum temperature 19 -338C) and there was no significant rainfall (0-5.2 mm per week).
Monitoring 2006
As in 2005, all (faecal) indicator bacteria and
Aeromonas and C. perfringens were found in all rainwater reservoirs. Again, the number of positive samples and the bacterial counts varied among reservoirs (Table 4) .
Total coliforms were present in 22 of 24 (92%) samples from three reservoirs, E. coli and intestinal enterococci were detected in 19 (79%) and 20 (83%) of these samples, respectively. Aeromonas was found in all the samples, with A. hydrophila being the most prevalent species (84% of 32 isolated Aeromonas strains). C. perfringensanalysis yielded reliable results in 15 samples only (5 for each reservoir); the bacterium was found in 9 of these samples (60%).
The human pathogenic microorganisms Campylobacter and Legionella were found in some samples. Campylobacter was detected in three samples from reservoir GD and one sample from reservoir ECO. In water from reservoir GD Most Probable Numbers (MPN) were 240/l or .240/l; Campylobacter-isolates were identified as C. jejuni subspecies jejuni. Legionella non-pneumophila was found in one sample from reservoir ECO, whereas 14 samples were negative. Legionella detection was again hampered by growth of non-Legionella background flora, which led to indefinite results in nine samples (38%).
One sample from reservoir GD contained one
Cryptosporidium oocyst and one sample from reservoir ECO contained one Giardia cyst; both the oocyst and the cyst met the morphological criteria outlined in ISO 15553
(Anonymous 2006a). Additional species identification by PCR of these low numbers of (oo)cysts was not done.
Analysis of sample volumes of 1 -2 l did not yield any positive findings for Salmonella and Vibrio. Neither culturable enteroviruses nor enterovirus-RNA was detected in any of the samples. In each reservoir there was some variation in pH, turbidity and water temperature (Table 3) . (0 -4) (0 -11) (3-31)
* The displayed numbers (n/100 ml) are the average of analysis results of eight (five for C. perfringens) samples per reservoir, and the observed range in brackets.
During the study period the weather conditions varied strongly ( Figure 1 ). Periods of drought alternated with wet episodes and periods in which precipitation intensity was high. Outside temperature fluctuated as well. High concentrations of E. coli and intestinal enterococci were found in all reservoirs on sampling days that were preceded by days with heavy rainfall (Schets et al. 2007 ) and, likewise, Campylobacter-positive samples were only found on these sampling days (Schets et al. 2005 (Schets et al. , 2007 . A moderate to strong correlation was observed between rainfall intensity and counts of all microbiological parameters except C. perfringens. C. perfringens counts were strongly correlated with rainfall amount and wind speed (Table 5) . Figure 1 | Outside temperature, rainfall and rainfall intensity during the 2006 study period. Samples from rainwater storage reservoirs were taken on the underlined dates. be detected for up to 68 days after seeding. However, when seeded in water from reservoir ECO and stored in PVC containers at 158C, E. coli was detectable for up to 34 days, whereas A. hydrophila could no longer be detected on day 27.
Naturally occurring E. coli and Aeromonas were present in water from both reservoirs at low numbers that gradually declined and went undetectable within one Pathogens such as Campylobacter have been detected in the faeces of gulls (Larus spp) Moore et al. 2002; Waldenströ m et al. 2002) , which are common dwellers of roofs in Dutch cities. There are limited data on the occurrence of Cryptosporidium and Giardia in faeces from birds that are likely to be present on roofs in an urban environment (Smith et al. 1993 ); however, it is possible that they have been the source of the protozoa. Both Salmonella and Vibrio have not been detected, although they are known to be present in the faeces of various birds (Ogg et al. 1989; Buck 1990; Refsum et al. 2002) . Probably Salmonella was present in low concentrations and detection in rainwater reservoirs would have required the analysis of larger samples than was done, whereas birds that live in an inland urban environment may not be infected with Vibrio in contrast to coastal birds and reports from other countries (Ogg et al. 1989; Buck 1990 ).
All Campylobacter isolates from the Dutch rainwater reservoirs were C. jejuni subspecies jejuni, which is an important cause of gastro-enteritis in humans ( may also be human pathogenic. C. perfringens was found in very low numbers and may be of limited relevance, but
A. hydrophila was found in very high numbers in several samples from reservoirs GD and WVE. A. hydrophila can cause gastro-enteritis in humans (Havelaar et al. 1992) and infections of the human skin (Valley et al. 2004; Hiransuthikul et al. 2005) . The presence of high numbers of Aeromonas in stored rainwater may therefore be of health concern and is unwanted from a hygienic point of view.
Aeromonas is known to be able to adjust to the poor nutrient conditions in drinking water and can grow in distribution systems (Havelaar et al. 1990 ). It has also been found in biofilms in drinking water distribution systems All reservoirs included in this study were well maintained and three of the four reservoirs were well isolated.
Thus, outside temperature only slightly influenced water temperature in the reservoirs and had a minor effect on the microbiological quality of the stored rainwater. Laboratory experiments showed that die-off of both naturally occurring and seeded Aeromonas and E. coli was more rapid at 25 and 358C as compared to 158C. Also, die-off was more rapid in galvanized iron containers than in PVC containers, which may be due to dissolved toxic components from the galvanized iron container. To assess the efficacy of cleaning and flushing regime, evaluation of measures e.g. in field intervention studies is required. In the developing world, collected rainwater may be the only available drinking water source or may be a safer alternative to the use of heavily contaminated surface water or groundwater sources (Garrett et al. 2008) . It has been demonstrated that point-of-use water quality interventions, including rainwater harvesting, reduce the risk of diarrhoea in rural communities (Clasen et al. 2006; Garrett et al. 2008) .
For safe collection, storage and use of roof-collected rainwater preventive and maintenance measures may largely be the same as in developed countries, but in this part of the world open reservoirs or ponds may, however, serve as breeding pools for insects that are vectors of diseases such as malaria (Kassahun Waktola 2008) and dengue (Mariappan et al. 2008) . Therefore specific attention should be paid to insect-proof coverage of rainwater reservoirs.
CONCLUSIONS AND RECOMMENDATIONS
The faecal contamination of roof-collected rainwater stored in reservoirs in The Netherlands and the occasional presence of potential human pathogens indicates that the water is unsuitable for direct consumption without further treatment. Since there is a potential for biofilm formation in the reservoirs, public health problems may arise from protection and support of pathogenic microorganisms in these biofilms, bacterial regrowth and depletion of disinfection agents, when used.
The microbiological quality of rainwater stored in Dutch reservoirs largely depends on the amount of faecal material that is washed into the reservoirs during rainfall events.
Laboratory experiments have shown that water quality is also influenced by storage temperature, the material of storage reservoirs and water type which in its turn may be influenced by the material of the harvesting roofs. Legionella. Care should also be taken to ensure hygienic transport and tapping.
